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Abstract
The establishment of the coronary circulation is one of the final critical steps during heart 
development. Despite decades of research, our understanding of how the coronary vasculature 
develops and connects to the aorta remains limited. This review serves two specific purposes: it 
addresses recent advances in understanding the origin of the coronary endothelium, and it then 
focuses on the last crucial step of coronary vasculature development, the connection of the 
coronary plexus to the aorta. The chick and quail animal models have yielded most of the 
information for how these connections form, starting with a fine network of vessels that penetrate 
the aorta and coalesce to form two distinct ostia. Studies in mouse and rat confirm that at least 
some of these steps are conserved in mammals, but gaps still exist in our understanding of 
mammalian coronary ostia formation. The signaling cues necessary to guide the coronary plexus 
to the aorta are also incompletely understood. Hypoxia-inducible transcription factor-1 and its 
downstream targets are among the few identified genes that promote the formation of the coronary 
stems. Together, this review summarizes our current knowledge of coronary vascular formation 
and highlights the significant gaps that remain. In addition, it highlights some of the coronary 
artery anomalies known to affect human health, demonstrating that even seemingly subtle defects 
arising from incorrect coronary plexus formation can result in significant health crises.
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As the heart begins forming, the myocardial and endocardial layers of the heart are each 
composed of a single layer, and oxygen and nutrients are passaged via simple diffusion. 
With the growth of the ventricles, endothelial-lined trabeculae in the ventricles maintain 
sufficient surface area such that a vasculature is not required to supply oxygen and nutrients 
until as late as embryonic day (E) 15.5 in the mouse (Olivey and Svensson, 2010). However, 
a functional vasculature is required for the heart to undergo successful compaction of the 
ventricular myocardium. The coronary vasculature develops in two stages: first, a vascular 
plexus forms and encompasses the heart, and then, this plexus remodels into a mature 
vasculature that connects to the aorta. In the mature heart, the connections that bridge the 
plexus and the aorta occur through two ostia or openings through which the left and right 
coronary arteries connect to the aorta (Figure 1). The specific segments of the coronary 
arteries that connect to the aorta are referred to as the coronary stems, and this term will be 
used to distinguish the specific segment of the main coronary arteries that penetrates the 
aorta from the general coronary vasculature. These main coronary arteries subsequently 
branch off the base of the aorta, with the left coronary artery further dividing into the 
circumflex artery, which curves around the base of the left ventricle, and the left anterior 
descending artery, which reaches toward the apex of the left ventricle. Together, these 
arteries supply the mature ventricles with oxygen and nutrients.
Origin of the coronary endothelium
The coronary plexus first forms as a series of discontinuous endothelial patches that spread 
from the sinus venosus around the ventricles to form a complete plexus. The origin of these 
endothelial cells is highly controversial, having been attributed to the proepicardium, the 
sinus venosus, and the endocardium. The original studies detailing the origins of the 
coronary endothelium relied on avian species due to their amenability to in ovo 
manipulation, have been thoroughly discussed by Riley and Smart (2011), and will be 
briefly summarized. These initial studies used retroviral labeling, either in ovo or in an in 
vitro proepicardial explant that was subsequently transplanted, and quail-chick chimeras in 
which a quail proepicardial explant was placed in a chick host (Mikawa and Fischman, 
1992; Poelmann et al., 1993; Perez-Pomares et al., 1998) (see also (Greulich and Kispert, 
2013) for a detailed description of these studies). In these experiments, labeled proepicardial 
cells contributed to the coronary vessels, and transplanted quail cells expressed the quail 
endothelial marker QH-1. The inclusion of liver primordium in some of the proepicardial 
explants has led to the hypothesis that the liver is also a source of coronary endothelial cells 
(Poelmann et al., 1993; Lie-Venema et al., 2005). However, subsequent studies have not 
supported this hypothesis.
More recent proepicardial lineage-tracing studies in mouse (summarized, along with 
additional mouse-based experiments, in Table 1) have challenged the long-held assumption 
that the proepicardium gives rise to coronary endothelium. Lineage-tracing studies using the 
standard proepicardial marker Tbx18 showed that Tbx18-lineage cells give rise not only to 
the epicardium but also to myocardium, cardiac fibroblasts, pericytes, and coronary smooth 
muscle (Cai et al., 2008). However, these experiments did not identify Tbx18 lineage-traced 
cells within the coronary endothelial population, even with the use of sensitive detection 
methods such as fluorescence activated cell sorting (Cai et al., 2008). Zhou et al. (2008) 
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simultaneously performed similar lineage analyses using the WT-1 promoter, with similar 
results. Zhou et al. also found that WT-1-derived proepicardial cells gave rise to 
myocardium and coronary smooth muscle. In rare cases, though, WT-1-derived cells also 
contributed to the coronary endothelial population, but this event was too infrequent to 
support WT-1-positive proepicardial cells as the major source of coronary endothelial cells 
(Zhou et al., 2008). However, just as the avian transplantation studies can be compromised 
by dissection integrity, Cre-mediated lineage tracing has its own unique pitfalls. In the case 
of the WT-1-Cre lines, these shortcomings include potential low levels of recombination 
beyond the targeted tissue (Zhou and Pu, 2012) and expression of WT-1 in the coronary 
endothelium and even some cardiomyocytes (Greulich and Kispert, 2013). In the Tbx18-
lineage study, the myocardial “progeny” are more likely a second population of Tbx18-
expressing cells within the myocardium rather than descendants of the earlier Tbx18-
expression proepicardium (Christoffels et al., 2009). Although species-specific differences 
may explain, at least in part, the apparent inconsistencies between the chick and mouse data, 
one alternative hypothesis is that some coronary endothelial cells derive from a source other 
than the Tbx18-/WT-1-positive proepicardium.
Thus, in an attempt to identify other sources of coronary endothelium, recent studies in the 
mouse have employed clonal analyses to begin elucidating the contributions of the sinus 
venosus and the endocardium to the coronary plexus. Because the mouse embryo is less 
amenable to in vivo manipulation than the avian embryo, a key step for addressing the 
original of the coronary endothelium was identifying a coronary endothelium-specific gene. 
Red-Horse et al. (2010) took advantage of the apelin-lacZ knock-in mouse, which shows 
expression in adult coronary endothelium but not endocardium (Sheikh et al., 2008). An 
analysis of apelin expression during coronary plexus formation confirmed that apelin is 
expressed in the developing coronary endothelium and also showed that apelin expression is 
continuous with the sinus venosus (Red-Horse et al., 2010). This expression pattern, in 
combination with clonal analyses based on an inducible VE-cadherin Cre mouse line, 
suggested that VE-cadherin-positive endothelial cells from the sinus venosus migrate into 
the heart to generate the majority of the coronary plexus (Red-Horse et al., 2010). Further, 
subsequent clonal analyses using the Apelin promoter suggest that arterial and venous 
coronary endothelial cells share a common progenitor (Tian et al., 2013b).
As a potential resolution of the apelin expression pattern, the historical avian experiments, 
and the proepicardial lineage-tracing studies in mice,Katz et al. (2012) identified a 
population of WT1-negative, Tbx18-negative, semaphorin 3D-positive proepicardial cells. 
Lineage traces of these semaphorin 3D-expressing cells show that they migrate from the 
proepicardium into the heart and give rise to a portion of the coronary smooth muscle and 
endothelium, including both arterial and venous coronary endothelial cells (Katz et al., 
2012). Further, lineage-traced cells were detected in the sinus venosus, though semaphorin 
3D itself was not actively expressed by the sinus venosus endothelium. Thus, a population 
of semaphorin 3D-lineage proepicardial cells may migrate through the sinus venosus along 
their path to form the epicardium and subsequently generate coronary endothelium (Katz et 
al., 2012). Semaphorin 3D-lacZ knock-in mice that were crossed with an apelin lineage 
reporter mouse line showed that the apelin-derived endothelium does not actively express 
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semaphorin 3D (Tian et al., 2013b). This more recent study does not exclude the possibility 
that the semaphorin 3D-positive proepicardial lineage may downregulate semaphorin 
expression prior to migration to the sinus venosus and is consistent with the endogenous 
semaphorin 3D expression pattern (Katz et al., 2012). However, semaphorin 3D-derived 
coronary endothelial cells were detected in the ventricle prior to the timing suggested based 
on apelin expression (Red-Horse et al., 2010) and PECAM expression (Lavine et al., 2006), 
with the caveat that neither of these latter studies present results at E11.0. Further, this 
earlier time point is more consistent with the description by Viragh and Challice (1981) of 
capillaries beginning to form as early as E10.0 near the sinus venosus. Thus, the semaphorin 
3D-derived coronary endothelial cells and the apelin-expressing coronary endothelial cells 
may represent distinct populations, or apelin may not be the first marker of coronary 
endothelium. The idea that two distinct populations specifically contribute to the coronary 
venous endothelium, predominantly through an epicardial-endocardial gradient, is plausible 
but not the most straight-forward solution. Thus, we hypothesize that the origin of the 
coronary endothelium may be more similar to the origin of the myocardium, which is 
described as deriving from the first and second heart fields, even though these two fields are 
part of the same cardiogenic mesoderm (Abu-Issa and Kirby, 2007). Further study is 
required to resolve these populations and will hopefully clarify the origin of the semaphorin 
3D- and apelin-positive lineages.
Based on the position of the apelin-positive endothelial cells within the subepicardial 
myocardium and their early expression of venous markers (Red-Horse et al., 2010) as well 
as the apelin-based clonal analyses (Tian et al., 2013b), the coronary endothelial cells of the 
intramyocardial coronary arteries are hypothesized to derive from the subepicardial coronary 
veins. However, as an alternative to the proepicardium and sinus venosus, a subset of the 
endocardium has also been hypothesized to invade the ventricular myocardium to generate 
coronary endothelial cells within specific regions of the heart (Red-Horse et al., 2010; Wu et 
al., 2012). Based on the clonal analysis under the VE-cadherin promoter, most coronary 
endothelial cell clones derive from sinus venosus sprouts (Red-Horse et al., 2010). However, 
the VE-cadherin Cre is expressed in both the coronary endothelium and the endocardium 
(Alva et al., 2006), and additional clones, specifically those that contained blood islands near 
the interventricular groove, also contained endocardial cells (Red-Horse et al., 2010). 
Similarly, using lineage tracing of Nfatc1 descendants,Wu et al. (2012) identified Nfatc1-
derived endothelial cells within the coronary plexus. Because Nfatc1 is actively expressed in 
the endocardium and is specifically excluded from the proepicardium, the epicardium, and 
coronary endothelial cells, the authors posit that the endocardium contributes specifically to 
the myocardial coronary arteries that are closest to the endocardium (Wu et al., 2012). 
Because Nfatc1 expression extends to the atrial endocardium and the sinus venosus 
(Misfeldt et al., 2009), Wu et al. evaluated whether Nfatc1-driven Cre was expressed in 
sinus venosus endothelium or proepicardially derived cells that have migrated through the 
sinus venosus. However, Cre expression was not detected at E9.5 in the sinus venosus, 
suggesting that the Nfatc1 lineage-traced cells derive strictly from the endocardium. Further, 
subsequent analyses support the hypothesis that blood islands bud from the endocardium 
(Tian et al., 2013b).
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Though complicated and still controversial, the origin of the arterial and venous coronary 
endothelial cells has benefitted from over 30 years of study. However, significantly less is 
known about the origin of the lymphatic coronary endothelial cells. The lymphatic vessels 
develop following the blood vessels, both in the heart and in other organs (Ratajska et al., 
2014). Quail-chick chimeras that replace the chick proepicardium with the quail epicardium 
suggest that proepicardium-derived quail coronary endothelial cells only contribute to a 
single lymphatic trunk at the base of the heart (Wilting et al., 2007). The remaining 
lymphatic endothelial cells are thought to sprout from existing veins (Srinivasan et al., 
2007). The discovery of lymphatic-specific markers, such as Prox-1 and Pkd1, should help 
confirm the origin of these specific endothelial cells.
Altogether, these mouse studies provide additional insights into the classical work 
performed in chick and quail. A mosaic source of coronary endothelium, including a subset 
of the proepicardium and endocardial derivatives, is the easiest explanation for the divergent 
findings. Subsequent analyses that determine whether differences are present among 
different coronary arteries, veins, and lymphatics (e.g., those within the interventricular 
septum vs. the free ventricular walls) may help clarify this hypothesis. Additional 
improvements in microscopy that allow for more detailed clonal analyses, for example using 
all 90 fluorescent combinations produced by the Brainbow 3.1 reporter, will also help 
identifying the lineage relationships among the types of coronary endothelium. Until live 
fluorescent imaging can be used to follow the presumptive coronary endothelial lineage in 
the developing mouse embryo, lineage tracing combined with in-depth histological analyses 
may help determine the exact migratory pathway of the proepicardial derivatives to clarify 
the spatial relationships among the proepicardium, sinus venosus, epicardium, and 
subepicardial coronary endothelium.
Aside from the origin of the coronary endothelium, the subsequent formation of the 
coronary plexus has been well described and is straight-forward in avian and mouse species. 
The coronary plexus develops by wrapping around the heart using the same pattern of 
addition as the epicardium, starting from the sinus venosus and spreading to the ventral side 
of the ventricles (Viragh and Challice, 1981; Lavine et al., 2006; Red-Horse et al., 2010). 
The recently created wealth of transgenic mouse lines should help address other 
underappreciated aspects of coronary plexus development. Thus, we will now highlight one 
particularly understudied area: the final stage of development in which the coronary plexus 
connects to the aorta.
Coronary stem formation
Despite decades of study, the connection process between the coronary plexus and aorta is 
incompletely understood. In one of the seminal works describing this connection in mouse, 
Viragh and Challice (1981) suggested that vascular growth within the wall of the aorta 
connects to the vascular plexus within the ventricles. This theory was readily accepted, with 
similar patterns of outgrowth described in species as diverse as shark and pig (see references 
within (Waldo et al., 1990) for historical studies), and subsequent authors either accepted the 
proposed mechanism or attributed their own inability to find coronary arteries budding off 
the aorta to the rapidity with which the buds must connect with the coronary plexus (e.g., 
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(Hutchins et al., 1988; De Andres et al., 1990). However, follow-up analyses in quail, rats, 
and humans found no evidence of outgrowth from the aorta towards the developing plexus 
(Bogers et al., 1988; Bogers et al., 1989). Instead, as Waldo et al. (1990) describe based on 
work in chick, the coronary plexus grows toward the aorta and mounts a “controlled 
invasion” to connect with the wall of the aorta and form distinct openings, known as ostia 
(Figure 1). Indeed, most of our knowledge concerning the connection between the coronary 
plexus and aorta is due to observations made in chick and quail. Based on these studies, 
coronary stem formation begins with a fine network of vessels connecting to the aorta 
(Bogers et al., 1988; Bogers et al., 1989; Waldo et al., 1990; Poelmann et al., 1993; Ando et 
al., 2004; Nanka et al., 2008; Tomanek et al., 2008). These vessels then coalesce to form two 
distinct ostia. In the quail, the remodeling from a fine network to distinct ostia takes 
approximately three days, spanning E6–9. Cardiac neural crest (CNC)-derived cells, which 
populate the outflow tract cushions and septate the outflow tract into an aorta and pulmonary 
artery, are not necessary for the fine coronary network to connect to the aorta (Waldo et al., 
1994). However, the CNC derivatives do promote the addition of smooth muscle to the 
coronary stems (Hood and Rosenquist, 1992). This addition occurs after the fine network 
has connected to the aorta and is hypothesized to promote the stabilization of two specific 
stems.
Coronary stem formation has been analyzed albeit in a limited fashion in rat as well and 
follows a mostly similar pattern. By E15.5, a network of peritruncal, lumenized vascular 
clusters are present, and these clusters coalesce into channels (Ratajska and Fiejka, 1999). 
However, whether these channels connect to the aorta prior to their coalescence into two 
distinct ostia remains unclear. Even though the coronary plexus has fully encompassed the 
heart by E16.5 in the rat (Hanato et al., 2011), no coronary ostia are present at this stage. 
The first true ostia are observed between E17.5–18.5 (Tomanek et al., 1996; Ratajska and 
Fiejka, 1999). As observed in the chick, the coronary stems in the rat are initially devoid of 
smooth muscle, which is added only after the ostia have formed within the aorta (Tomanek 
et al., 1996).
In the mouse, the connection of the plexus to the aorta has only recently begun being 
addressed. The early description by Viragh and Challice indicates that the first capillaries 
are found in the heart by E10 and that blood-filled capillaries appear in the wall of the aorta 
by E13 (Viragh and Challice, 1981), and subsequent work supports these observations 
(Gonzalez-Iriarte et al., 2003). However, neither study reported that these capillaries directly 
connected with the aorta. Thus, whether the mouse (or rat) developed a fine network of 
vessels that connect with the aorta prior to the observation of two distinct stems, which are 
present by E14.0 and encompassed by smooth muscle by E15.0 (Compton et al., 2007), has 
remained unclear until very recently. Using the apelinCreERT2 mouse, coronary endothelial 
cells were labeled at E10.5 and formed the endothelium of the coronary stems, supporting 
the in-growth of the coronary vasculature as a common developmental mechanism (Tian et 
al., 2013a).
In the human, the general pattern of coronary plexus development appears to be conserved 
with other species. Blind-ended capillaries are first observed at the base of the 
interventricular sulcus at Carnegie stage 14, and these capillaries spread across the 
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ventricles, approaching the atrioventricular sulcus and covering the ventral side of the 
ventricles (Hutchins et al., 1988). These capillaries then remodel to form a rudimentary 
plexus that covers the heart. Coronary stems are not observed until Carnegie stage 18 and 
show the same pattern of coronary vessels invading the aorta rather than forming as 
outgrowths from the aorta (Hutchins et al., 1988). The placement of the coronary ostia after 
formation in humans is consistent with observations in all other species examined, with one 
ostium present in each of the sinuses of Valsalva (Hutchins et al., 1988).
As can be seen from the descriptions above, coronary stem placement is consistent across 
species. In avians, there is a distinct transition stage during which numerous endothelial 
strands penetrate the aorta before coalescing to form two distinction stems. A similar 
peritruncal ring of coronary vessels has been recently described in mouse (Tian et al., 
2013a), but whether these small endothelial strands penetrate the aortic wall and remodel as 
in the chick has yet to have been definitively reported.
Coronary stem maturation
The coronary stems that connect to the aorta initially comprise an endothelial vessel only. 
After the coronary ostia are formed in chick and quail, smooth muscle cells and fibroblasts 
are recruited to the coronary stems (Hood and Rosenquist, 1992; Vrancken Peeters et al., 
1997; Vrancken Peeters et al., 1999); vessels that lack a smooth muscle-based tunica regress 
in epicardial quail-chick chimeras (Poelmann et al., 1993). Based on experiments in chick, 
these additional smooth muscle cells and fibroblasts are derived from the proepicardium 
(Vrancken Peeters et al., 1999). The myocardium at the base of the chick aorta is enriched in 
vascular endothelial growth factor receptors (VEGFR) 2 and 3 (Tomanek et al., 2002), 
suggesting that VEGF signaling may be a positive migratory factor for the smooth muscle 
cells. Indeed, blocking VEGF signaling in chick reduces the recruitment of smooth muscle 
(Tomanek et al., 2008), and the VEGF120/120 mouse embryo, which produces a single 
highly soluble, non-heparin-binding VEGF isoform, shows disrupted smooth muscle 
surrounding the coronary stems (van den Akker et al., 2008). However, in vitro analyses of 
proepicardial quail explants show that both VEGF and retinoic acid inhibit smooth muscle 
differentiation. Based on the in vivo expression patterns of these molecules, the in vitro 
analyses suggest that these factors delay the smooth muscle differentiation of proepicardial 
derivatives until after the coronary ostia have formed within the aorta (Azambuja et al., 
2010). The production of retinoic acid within the overlying epicardium in chick, quail, and 
mouse during ostia formation, though, supports the hypothesis that retinoic acid delays the 
differentiation of proepicardial derivatives until after the ostia are formed (Moss et al., 1998; 
Xavier-Neto et al., 2000). However, how VEGF specifically affects smooth muscle addition 
in the embryo is unclear.
Circulating platelet-derived growth factor (PDGF) and fibroblast growth factor (FGF)-2 also 
promote the investment of the coronary stems with smooth muscle cells and affect both the 
thickness of the smooth muscle tunica and the proportion of the stem that is encompassed in 
chick (Tomanek et al., 2008). PDGF-2 acts specifically as a smooth muscle cell 
chemoattractant (Dardik et al., 2005), and PDGF-2 homodimers also induce smooth muscle 
differentiation via the RhoA intracellular pathway (Lu et al., 2001). Although RhoA is also 
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part of the planar cell polarity pathway, the addition of smooth muscle to the coronary stems 
has not been addressed in mouse mutations for this pathway (e.g., loop-tail) despite 
disorganized smooth muscle addition to the coronary plexus within the ventricles in the 
loop-tail mouse (Phillips et al., 2008). Importantly, FGF-2 and PDGF-2 transcription is 
increased in bovine aortic endothelial cells in response to shear stress (Malek et al., 1993), 
suggesting that smooth muscle recruitment may be induced by the initiation of flow once the 
coronary ostia are patent.
Hypoxia-induced signaling during coronary stem formation
Hypoxia-induced vessel recruitment is a common theme in angiogenesis. The base of the 
aorta expresses the hypoxia-induced transcription factor Hif1α, whose expression in chick is 
induced in response to hypoxia and correlates with coronary ostium placement (Wikenheiser 
et al., 2009). Exposing quail embryos to hypoxia increases the capillary density throughout 
the myocardium, consistent with low oxygen levels promoting vascular growth (Nanka et 
al., 2008). When quail embryos are placed in a hypoxic environment at approximately 
Hamburger-Hamilton stage 12 (after 48 h of incubation), atretic coronary arteries are 
observed (Nanka et al., 2008). In contrast, exposing chick embryos to either hypoxic or 
hyperoxic conditions starting at Hamburger-Hamilton stage 25 (or approximately 4.5–5 days 
of incubation) does not cause coronary atresia but does lead to both anomalous origins of the 
coronary stems and additional stems (Wikenheiser et al., 2009). The results of these 
experiments appears to indicate that, whereas there is a specific window during which the 
oxygen levels can affect the formation of the coronary stems, the location at which these 
stems are placed can be affected over a much broader time frame.
Hif1α is the master switch downstream of hypoxia. Its transduction is instantaneous in 
response to hypoxia, and the protein is rapidly degraded in the presence of oxygen. Hif1α 
forms a heterodimer with ARNT and binds to hypoxia response elements within the 
promoters of its targets. Binding alone is insufficient to induce transcription, and co-
transcription factors such as Smad3 are often required. Smad3 in particular is necessary to 
induce transcription of the VEGF receptors. Numerous pro-angiogenic factors are 
downstream of Hif1α; in addition to the VEGFs and their receptors, FGF-2 and PDGF are 
also induced by Hif1α (Liu and Simon, 2004). VEGF receptors are expressed at the base of 
the aorta during coronary stem formation (Tomanek et al., 2002), and PDGF-A and PDGF 
receptor α are expressed within the outflow tract during this time period (Van Den Akker et 
al., 2005). Despite Hif1α’s necessity in mediating hypoxia, though, the endothelial-specific 
Hif1α conditional knockout mouse is viable (Tang et al., 2004), suggesting that hypoxia 
drives Hif1α-mediated angiogenesis by affecting the environment that needs vascularization 
as opposed to directly affecting the endothelial cells.
Because Hif1α is at the top of the hypoxia-responsive cascade, numerous factors modulate 
its response (Figure 2). Cited2, which is expressed at the base of the aorta in mouse at E13.5, 
competitively binds Hif1α to downregulate signaling (Yin et al., 2002; Weninger et al., 
2005). The Cited2 knockout mouse, which would thus have upregulated Hif1α signaling, is 
embryonic lethal starting at E13.0 and phenocopies the VEGF-A-overexpressing mouse in 
that it displays numerous cardiac phenotypes, including outflow tract alignment defects, 
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valve defects, and septal defects (Yin et al., 2002). Although no coronary artery anomalies 
have been specifically reported in the Cited2 knockout embryo, these embryos exhibit 
dysregulated plexus formation within the myocardium (Xu et al., 2007). In addition, the 
Cited2 knockout embryo displays intense hypoxia at the base of the aorta after this region 
should have blood flow through the coronary ostia (Xu et al., 2007), suggesting that this 
embryo has coronary artery anomalies. The Cited2 knockout mouse can be partially rescued 
by inactivating a single copy of Hif1α, thus titrating the dose of Hif1α (Xu et al., 2007). 
Specifically, the level of hypoxia at the base of the aorta decreases after the coronary stems 
have formed in both wild-type and the Cited2 knockout/Hif1α haploinsufficient mutant, 
suggesting that any impairment of the coronary vasculature can be rescued by regulating the 
dose of Hif1α (Xu et al., 2007).
Hif1α-induced signaling during coronary stem formation
Downstream of Hif1α is the VEGF signaling pathway. Of the VEGF family members, 
VEGF-B can affect the number of coronary stems that form. Injecting quail embryos with an 
antibody that specifically blocks VEGF-B leads to a reduction in the number of coronary 
ostia, with one or both ostia missing, without affecting overall capillary density in the 
myocardium (Tomanek et al., 2006); blocking VEGF-A has no effect. Similarly, injecting 
quail embryos with a VEGF trap that inhibits both VEGFR1 and VEGF2 also inhibits 
coronary stem formation. However, blood islands are observed within the peritruncal ring, 
indicating that only the last step of connecting the coronary plexus to the aorta is interrupted 
(Tomanek et al., 2006). Despite these findings in quail, the VEGF-B-null mouse is viable 
(Bellomo et al., 2000). Although the formation of the coronary stem specifically has not 
been addressed, no changes in the density of the coronary plexus are apparent in these mice 
(Bellomo et al., 2000). These findings suggest that there are species-specific differences 
among the coronary response to VEGF.
However, other VEGFs also affect endothelial cell behavior. Upon binding to VEGFR2, 
VEGF-A can interact with neuropilin-1, which induces the migration of HUVECs towards a 
VEGF-A gradient in a FAK-dependent manner (Herzog et al., 2011). The neuropilin-1 
knockout embryo shows numerous vascular patterning defects but is embryonic lethal by 
E13.5, thus precluding an analysis of the coronary stems in this mouse (Kawasaki et al., 
1999). VEGF-A also acts upstream of the PI3K/Akt pathway to phosphorylate the Forkhead 
transcription factors in cultured endothelial cells (Abid et al., 2004). This phosphorylation 
leads to increased cell survival and proliferation (Abid et al., 2004). Together, these studies 
suggest that endothelial cells respond to VEGF-A by migrating towards it, which then 
promotes their survival and subsequent proliferation. However, whether these mechanisms 
hold true in the in vivo context remains unknown.
Additional growth factors that are downstream of Hif1α and are involved in coronary stem 
formation include FGF-2 and PDGF. In the quail embryo, blocking either of these growth 
factors with circulating antibodies prior to coronary stem formation results in one or two 
missing ostia (Tomanek et al., 2006; Tomanek et al., 2008). PDGF-A is initially expressed 
in the chick outflow tract cushion mesenchyme, with expression decreasing during the 
connection and remodeling of the coronary arteries (spanning Hamburger-Hamilton stages 
Dyer et al. Page 9













28–35), and receptor PDGFRα shows a similar temporal expression within the outflow tract 
myocardium (Van Den Akker et al., 2005).
In addition to inducing Hif1α, hypoxia also induces the transcription factor KLF-2 
(Kawanami et al., 2009). This factor promotes angiogenesis and inhibits Hif1α and other 
hypoxia-related factors, thereby turning off this angiogenic switch (Kawanami et al., 2009). 
KLF-2 is also induced in endothelial cells by the shear stress induced by blood flow, which 
would further halt the formation of additional coronary stems once patent ostia were in 
place; however, the expression of KLF-2 specifically in the coronary endothelium is 
unknown (Lee et al., 2006).
Hypoxia may induce apoptosis around the coronary ostia
Whether hypoxia induces apoptosis and whether apoptosis is related or necessary for 
coronary stem insertion remain controversial. In chick, high levels of apoptosis are observed 
near the coronary ostia formation points under normoxic conditions (Velkey and Bernanke, 
2001). However, studies in quail embryos raised under normoxic and hypoxic conditions 
show that coronary stem formation defects are highly prevalent in the hypoxic embryos, 
despite a dense vascular plexus in the peritruncal ring, even though no significant changes in 
apoptosis are present throughout the ventricles (Nanka et al., 2008). However, because 
apoptosis at the coronary stem formation points has not yet been specifically addressed in 
this model, the issue of whether apoptosis levels change with hypoxia near the coronary 
ostia remains unknown.
Cardiac neural crest contributions to the coronary arteries
Beyond hypoxia, CNC-derived cells also affect coronary artery development. Quail-chick 
chimera studies have shown that CNC-derived cells do not directly contribute to the 
coronary stems (Waldo et al., 1994). However, CNC-derived cells do give rise to the cardiac 
ganglia, which contact the tunica media of the coronary stems (Waldo et al., 1994). Despite 
the lack of direct contribution to the coronary stems, in the chick CNC ablation model, only 
one coronary ostium forms normally, whereas the other ostium is misplaced (Hood and 
Rosenquist, 1992). This original analysis did not clarify whether the ostium placement was a 
direct effect of the CNC derivatives or an indirect effect caused by the arterial pole defects 
observed in the CNC ablation model. A more recent study using bis-diamine in rats to 
disrupt CNC migration showed that the rats exhibit a poorly developed coronary plexus and 
coronary atresia (Hanato et al., 2011), thus indicating that the requirement for CNC 
derivatives is species-independent. However, because CNC derivatives do not migrate to the 
outflow tract in this model, this study leaves open the question of whether ostium placement 
is directly or indirectly affected by CNC-derived cells.
Human coronary stem defects
Aside from the obvious requirement of at least one functional coronary ostium, a wide 
variety of human coronary artery anomalies exist, and their presence is associated with 
additional health burdens. In particular, coronary anomalies are frequently associated with 
sudden death. In the 1970s, a correlation between a single ostium and sudden death was 
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established (Lipton et al., 1979). Although uncommon, subsequent case reports support this 
finding (Debich et al., 1989; Turkmen et al., 2007). An additional link has been established 
between left coronary artery atresia and myocardial infarction (Vidne et al., 1979). Although 
less dramatic than complete atresia, high take-off coronaries, in which the ostium connects 
distal to the aortic valve, are associated with sudden death in athletes (Maron, 2003). In an 
adolescent patient in whom both ostia opened into a single sinus, a thrombus that formed 
during surgery led to severe myocardial infarction and sudden death (Slavin and Rudoff, 
1997). These cases touch only on missing ostia or misplaced ostia within the context of the 
aorta. However, further complications can arise when the coronary arteries connect with the 
pulmonary artery. Depending on the developmental of collateral coronary vessels that bridge 
the systemic and pulmonic circulatory systems, this anomaly can inhibit perfusion of the 
myocardium to varying degrees, leading to severe left-sided heart failure or to mild 
symptoms such as exercise intolerance (Aykan et al., 2012). Thus, even when two coronary 
ostia are present, their location is still critically important.
On the other side of the spectrum, some patients with narrow, or stenotic, coronary arteries 
adapt to the insufficient blood supply to parts of the heart through the development of a 
network of collateral coronary vessels that connect to the other coronary artery (Sahinarslan 
et al., 2010). This adaptive growth helps the non-stenotic coronary artery preserve the 
myocardium and can compensate for coronary artery disease, but great variability exists in 
the extent of this collateral growth (Sahinarslan et al., 2010). Patients with collateral 
coronary circulation have significantly lower one-year mortality rates after myocardial 
infarction compared with patients who lack this additional circulation (Wang et al., 2011). 
New subendocardial plexus formation has also been observed in patients with heart failure 
(Fulton, 1956; van den Wijngaard et al., 2010). This new growth is correlated with the 
abundance of CD34+/Flk1+ circulating endothelial progenitor cells (Kocaman et al., 2011; 
Tokgozoglu et al., 2011), suggesting that this remodeling may be predictable. These studies 
underscore the potential of coronary revascularization and highlight the importance of 
understanding how the coronary ostia are formed within the aorta. However, developing an 
effective collateral circulation requires at least one patent ostium.
Closing remarks
The establishment of the coronary circulation is critical for life. The early events in coronary 
vascular development have been well established, but despite decades of study, there are 
fundamental gaps in our understanding of how this vasculature connects to the aorta. In 
avians, the coronary plexus sends a fine network of vessels to invade the aorta, and these 
vessels coalesce to form two distinct stems. Whether mammalian species exhibit a similar 
transition period or immediately form two distinct coronary stems remains unknown. 
Because the avian models are so amenable to hypoxia and hyperoxia studies and are easily 
manipulated in ovo, knowing whether mammalian and avian coronary stem formation 
occurs similarly is critically important if we are to apply the results of avian studies to 
humans. Hif1α and its downstream targets, such as VEGF and FGF-2, promote coronary 
stem formation in avians and mouse, but whether Hif1α is the specific initiating factor that 
recruits the coronary plexus to the aorta is unknown. The placement of the two coronary 
ostia is consistent among species, but why the ostia form in those two specific aortic sinuses 
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remains unknown. Studies that elucidate the factors that recruit the coronary plexus to the 
aorta will be highly beneficial for understanding how the human coronary artery anomalies 
arise. With so many questions remaining unanswered, understanding the development of the 
coronary stems promises plenty of new growth.
Acknowledgments
We would like to thank Andrea Portbury for critical reading of the manuscript.
Sources of Funding
We would like to acknowledge the NIH (grant #R01HL061656 to CP and XP and #R01HL112890 to XP) for 
funding support.
References
Abid MR, Guo S, Minami T, Spokes KC, Ueki K, Skurk C, Walsh K, Aird WC. Vascular endothelial 
growth factor activates PI3K/Akt/forkhead signaling in endothelial cells. Arterioscler Thromb Vasc 
Biol. 2004; 24(2):294–300. [PubMed: 14656735] 
Abu-Issa R, Kirby ML. Heart field: from mesoderm to heart tube. Annu Rev Cell Dev Biol. 2007; 
23:45–68. [PubMed: 17456019] 
Alva JA, Zovein AC, Monvoisin A, Murphy T, Salazar A, Harvey NL, Carmeliet P, Iruela-Arispe ML. 
VE-Cadherin-Cre-recombinase transgenic mouse: a tool for lineage analysis and gene deletion in 
endothelial cells. Dev Dyn. 2006; 235(3):759–767. [PubMed: 16450386] 
Ando K, Nakajima Y, Yamagishi T, Yamamoto S, Nakamura H. Development of proximal coronary 
arteries in quail embryonic heart: multiple capillaries penetrating the aortic sinus fuse to form main 
coronary trunk. Circulation Research. 2004; 94(3):346–352. [PubMed: 14684625] 
Aykan AC, Yildiz M, Kahveci G, Ozkan M. Two adult cases of anomalous left coronary artery from 
the pulmonary artery. Turk Kardiyol Dern Ars. 2012; 40(1):48–51. [PubMed: 22395374] 
Azambuja AP, Portillo-Sanchez V, Rodrigues MV, Omae SV, Schechtman D, Strauss BE, Costanzi-
Strauss E, Krieger JE, Perez-Pomares JM, Xavier-Neto J. Retinoic acid and VEGF delay smooth 
muscle relative to endothelial differentiation to coordinate inner and outer coronary vessel wall 
morphogenesis. Circ Res. 2010; 107(2):204–216. [PubMed: 20522805] 
Bellomo D, Headrick JP, Silins GU, Paterson CA, Thomas PS, Gartside M, Mould A, Cahill MM, 
Tonks ID, Grimmond SM, et al. Mice lacking the vascular endothelial growth factor-B gene 
(Vegfb) have smaller hearts, dysfunctional coronary vasculature, and impaired recovery from 
cardiac ischemia. Circ Res. 2000; 86(2):E29–E35. [PubMed: 10666423] 
Bogers AJ, Gittenberger-de Groot AC, Dubbeldam JA, Huysmans HA. The inadequacy of existing 
theories on development of the proximal coronary arteries and their connexions with the arterial 
trunks. Int J Cardiol. 1988; 20(1):117–123. [PubMed: 3403075] 
Bogers AJ, Gittenberger-de Groot AC, Poelmann RE, Peault BM, Huysmans HA. Development of the 
origin of the coronary arteries, a matter of ingrowth or outgrowth?, Anat Embryol (Berl). 1989; 
180(5):437–441. [PubMed: 2619086] 
Cai CL, Martin JC, Sun Y, Cui L, Wang L, Ouyang K, Yang L, Bu L, Liang X, Zhang X, et al. A 
myocardial lineage derives from Tbx18 epicardial cells. Nature. 2008; 454(7200):104–108. 
[PubMed: 18480752] 
Christoffels VM, Grieskamp T, Norden J, Mommersteeg MT, Rudat C, Kispert A. Tbx18 and the fate 
of epicardial progenitors. Nature. 2009; 458(7240):E8–E9. discussion E9–10. [PubMed: 
19369973] 
Compton LA, Potash DA, Brown CB, Barnett JV. Coronary vessel development is dependent on the 
type III transforming growth factor beta receptor. Circ Res. 2007; 101(8):784–791. [PubMed: 
17704211] 
Dyer et al. Page 12













Dardik A, Yamashita A, Aziz F, Asada H, Sumpio BE. Shear stress-stimulated endothelial cells induce 
smooth muscle cell chemotaxis via platelet-derived growth factor-BB and interleukin-1alpha. J 
Vasc Surg. 2005; 41(2):321–331. [PubMed: 15768016] 
De Andres AV, Munoz-Chapuli R, Sans-Coma V, Garcia-Garrido L. Anatomical studies of the 
coronary system in elasmobranchs: I. Coronary arteries in lamnoid sharks. Am J Anat. 1990; 
187(3):303–310. [PubMed: 2321561] 
Debich DE, Williams KE, Anderson RH. Congenital atresia of the orifice of the left coronary artery 
and its main stem. Int J Cardiol. 1989; 22(3):398–404. [PubMed: 2651330] 
Fulton WF. Chronic generalized myocardial ischaemia with advanced coronary artery disease. Br 
Heart J. 1956; 18(3):341–354. [PubMed: 13342298] 
Gonzalez-Iriarte M, Carmona R, Perez-Pomares JM, Macias D, Costell M, Munoz- Chapuli R. 
Development of the coronary arteries in a murine model of transposition of great arteries. J Mol 
Cell Cardiol. 2003; 35(7):795–802. [PubMed: 12818570] 
Greulich F, Kispert A. Epicardial Lineages. J Dev Biol. 2013; 1(1):32–46.
Hanato T, Nakagawa M, Okamoto N, Nishijima S, Fujino H, Shimada M, Takeuchi Y, Imanaka-
Yoshida K. Developmental defects of coronary vasculature in rat embryos administered bis-
diamine. Birth Defects Res B Dev Reprod Toxicol. 2011; 92(1):10–16. [PubMed: 21312320] 
Herzog B, Pellet-Many C, Britton G, Hartzoulakis B, Zachary IC. VEGF binding to NRP1 is essential 
for VEGF stimulation of endothelial cell migration, complex formation between NRP1 and 
VEGFR2, and signaling via FAK Tyr407 phosphorylation. Mol Biol Cell. 2011; 22(15):2766–
2776. [PubMed: 21653826] 
Hood LC, Rosenquist TH. Coronary artery development in the chick: origin and deployment of smooth 
muscle cells, and the effects of neural crest ablation. Anat Rec. 1992; 234(2):291–300. [PubMed: 
1416113] 
Hutchins GM, Kessler-Hanna A, Moore GW. Development of the coronary arteries in the embryonic 
human heart. Circulation. 1988; 77(6):1250–1257. [PubMed: 3286038] 
Katz TC, Singh MK, Degenhardt K, Rivera-Feliciano J, Johnson RL, Epstein JA, Tabin CJ. Distinct 
compartments of the proepicardial organ give rise to coronary vascular endothelial cells. Dev Cell. 
2012; 22(3):639–650. [PubMed: 22421048] 
Kawanami D, Mahabeleshwar GH, Lin Z, Atkins GB, Hamik A, Haldar SM, Maemura K, Lamanna 
JC, Jain MK. Kruppel-like factor 2 inhibits hypoxia-inducible factor 1alpha expression and 
function in the endothelium. J Biol Chem. 2009; 284(31):20522–20530. [PubMed: 19491109] 
Kawasaki T, Kitsukawa T, Bekku Y, Matsuda Y, Sanbo M, Yagi T, Fujisawa H. A requirement for 
neuropilin-1 in embryonic vessel formation. Development. 1999; 126(21):4895–4902. [PubMed: 
10518505] 
Kocaman SA, Yalcin MR, Yagci M, Sahinarslan A, Turkoglu S, Arslan U, Kursunluoglu N, Ozdemir 
M, Timurkaynak T, Cemri M, et al. Endothelial progenitor cells (CD34+KDR+) and monocytes 
may provide the development of good coronary collaterals despite the vascular risk factors and 
extensive atherosclerosis. Anadolu Kardiyol Derg. 2011; 11(4):290–299. [PubMed: 21543296] 
Lavine KJ, White AC, Park C, Smith CS, Choi K, Long F, Hui CC, Ornitz DM. Fibroblast growth 
factor signals regulate a wave of Hedgehog activation that is essential for coronary vascular 
development. Genes Dev. 2006; 20(12):1651–1666. [PubMed: 16778080] 
Lee JS, Yu Q, Shin JT, Sebzda E, Bertozzi C, Chen M, Mericko P, Stadtfeld M, Zhou D, Cheng L, et 
al. Klf2 is an essential regulator of vascular hemodynamic forces in vivo. Dev Cell. 2006; 11(6):
845–857. [PubMed: 17141159] 
Lie-Venema H, Eralp I, Maas S, Gittenberger-De Groot AC, Poelmann RE, DeRuiter MC. Myocardial 
heterogeneity in permissiveness for epicardium-derived cells and endothelial precursor cells along 
the developing heart tube at the onset of coronary vascularization. Anat Rec A Discov Mol Cell 
Evol Biol. 2005; 282(2):120–129. [PubMed: 15627984] 
Lipton MJ, Barry WH, Obrez I, Silverman JF, Wexler L. Isolated single coronary artery: diagnosis, 
angiographic classification, and clinical significance. Radiology. 1979; 130(1):39–47. [PubMed: 
758666] 
Liu L, Simon MC. Regulation of transcription and translation by hypoxia. Cancer Biol Ther. 2004; 
3(6):492–497. [PubMed: 15254394] 
Dyer et al. Page 13













Lu J, Landerholm TE, Wei JS, Dong XR, Wu SP, Liu X, Nagata K, Inagaki M, Majesky MW. 
Coronary smooth muscle differentiation from proepicardial cells requires rhoA-mediated actin 
reorganization and p160 rho-kinase activity. Dev Biol. 2001; 240(2):404–418. [PubMed: 
11784072] 
Malek AM, Gibbons GH, Dzau VJ, Izumo S. Fluid shear stress differentially modulates expression of 
genes encoding basic fibroblast growth factor and platelet-derived growth factor B chain in 
vascular endothelium. J Clin Invest. 1993; 92(4):2013–2021. [PubMed: 8408655] 
Maron BJ. Sudden death in young athletes. The New England journal of medicine. 2003; 349(11):
1064–1075. [PubMed: 12968091] 
Mikawa T, Fischman DA. Retroviral analysis of cardiac morphogenesis: discontinuous formation of 
coronary vessels. Proc Natl Acad Sci U S A. 1992; 89(20):9504–9508. [PubMed: 1409660] 
Misfeldt AM, Boyle SC, Tompkins KL, Bautch VL, Labosky PA, Baldwin HS. Endocardial cells are a 
distinct endothelial lineage derived from Flk1+ multipotent cardiovascular progenitors. Dev Biol. 
2009; 333(1):78–89. [PubMed: 19576203] 
Moss JB, Xavier-Neto J, Shapiro MD, Nayeem SM, McCaffery P, Drager UC, Rosenthal N. Dynamic 
patterns of retinoic acid synthesis and response in the developing mammalian heart. Dev Biol. 
1998; 199(1):55–71. [PubMed: 9676192] 
Nanka O, Krizova P, Fikrle M, Tuma M, Blaha M, Grim M, Sedmera D. Abnormal myocardial and 
coronary vasculature development in experimental hypoxia. Anat Rec (Hoboken). 2008; 291(10):
1187–1199. [PubMed: 18727106] 
Olivey HE, Svensson EC. Epicardial-myocardial signaling directing coronary vasculogenesis. Circ 
Res. 2010; 106(5):818–832. [PubMed: 20299672] 
Perez-Pomares JM, Macias D, Garcia-Garrido L, Munoz-Chapuli R. The origin of the subepicardial 
mesenchyme in the avian embryo: an immunohistochemical and quail-chick chimera study. Dev 
Biol. 1998; 200(1):57–68. [PubMed: 9698456] 
Phillips HM, Hildreth V, Peat JD, Murdoch JN, Kobayashi K, Chaudhry B, Henderson DJ. Non-cell-
autonomous roles for the planar cell polarity gene Vangl2 in development of the coronary 
circulation. Circ Res. 2008; 102(5):615–623. [PubMed: 18174466] 
Poelmann RE, Gittenberger-de Groot AC, Mentink MM, Bokenkamp R, Hogers B. Development of 
the cardiac coronary vascular endothelium, studied with antiendothelial antibodies, in chicken-
quail chimeras. Circ Res. 1993; 73(3):559–568. [PubMed: 8348697] 
Ratajska A, Fiejka E. Prenatal development of coronary arteries in the rat: morphologic patterns. Anat 
Embryol (Berl). 1999; 200(5):533–540. [PubMed: 10526021] 
Ratajska A, Gula G, Flaht-Zabost A, Czarnowska E, Ciszek B, Jankowska-Steifer E, Niderla-Bielinska 
J, Radomska-Lesniewska D. Comparative and developmental anatomy of cardiac lymphatics. 
TheScientificWorldJournal. 2014; 2014:183170.
Red-Horse K, Ueno H, Weissman IL, Krasnow MA. Coronary arteries form by developmental 
reprogramming of venous cells. Nature. 2010; 464(7288):549–553. [PubMed: 20336138] 
Riley PR, Smart N. Vascularizing the heart. Cardiovascular research. 2011; 91(2):260–268. [PubMed: 
21282300] 
Rudat C, Kispert A. Wt1 and epicardial fate mapping. Circ Res. 2012; 111(2):165–169. [PubMed: 
22693350] 
Sahinarslan A, Kocaman SA, Topal S, Ercin U, Bukan N, Yalcin R, Timurkaynak T. Relation between 
serum monocyte chemoattractant protein-1 and coronary collateral development. Coron Artery 
Dis. 2010; 21(8):455–459. [PubMed: 20859200] 
Sheikh AY, Chun HJ, Glassford AJ, Kundu RK, Kutschka I, Ardigo D, Hendry SL, Wagner RA, Chen 
MM, Ali ZA, et al. In vivo genetic profiling and cellular localization of apelin reveals a hypoxia-
sensitive, endothelial-centered pathway activated in ischemic heart failure. Am J Physiol Heart 
Circ Physiol. 2008; 294(1):H88–H98. [PubMed: 17906101] 
Slavin RE, Rudoff J. Aberrant commissural positioning, hooding, and thrombotic occlusion of right 
and left coronary ostia in the left sinus of valsalva associated with small coronary arteries: a newly 
described anomaly and a cause of sudden death in an adolescent. Hum Pathol. 1997; 28(11):1313–
1315. [PubMed: 9385941] 
Dyer et al. Page 14













Srinivasan RS, Dillard ME, Lagutin OV, Lin FJ, Tsai S, Tsai MJ, Samokhvalov IM, Oliver G. Lineage 
tracing demonstrates the venous origin of the mammalian lymphatic vasculature. Genes Dev. 
2007; 21(19):2422–2432. [PubMed: 17908929] 
Tang N, Wang L, Esko J, Giordano FJ, Huang Y, Gerber HP, Ferrara N, Johnson RS. Loss of 
HIF-1alpha in endothelial cells disrupts a hypoxia-driven VEGF autocrine loop necessary for 
tumorigenesis. Cancer Cell. 2004; 6(5):485–495. [PubMed: 15542432] 
Tian X, Hu T, He L, Zhang H, Huang X, Poelmann RE, Liu W, Yang Z, Yan Y, Pu WT, et al. 
Peritruncal coronary endothelial cells contribute to proximal coronary artery stems and their aortic 
orifices in the mouse heart. PLoS One. 2013a; 8(11):e80857. [PubMed: 24278332] 
Tian X, Hu T, Zhang H, He L, Huang X, Liu Q, Yu W, He L, Yang Z, Zhang Z, et al. Subepicardial 
endothelial cells invade the embryonic ventricle wall to form coronary arteries. Cell Res. 2013b; 
23(9):1075–1090. [PubMed: 23797856] 
Tokgozoglu L, Yorgun H, Gurses KM, Canpolat U, Ates AH, Tulumen E, Kaya EB, Aytemir K, 
Kabakci G, Tuncer M, et al. The association between circulating endothelial progenitor cells and 
coronary collateral formation. Atherosclerosis. 2011; 219(2):851–854. [PubMed: 21943873] 
Tomanek RJ, Hansen HK, Christensen LP. Temporally expressed PDGF and FGF-2 regulate 
embryonic coronary artery formation and growth. Arterioscler Thromb Vasc Biol. 2008; 28(7):
1237–1243. [PubMed: 18420995] 
Tomanek RJ, Haung L, Suvarna PR, O'Brien LC, Ratajska A, Sandra A. Coronary vascularization 
during development in the rat and its relationship to basic fibroblast growth factor. Cardiovasc 
Res. 1996; 31(Spec No):E116–E126. [PubMed: 8681335] 
Tomanek RJ, Holifield JS, Reiter RS, Sandra A, Lin JJ. Role of VEGF family members and receptors 
in coronary vessel formation. Dev Dyn. 2002; 225(3):233–240. [PubMed: 12412005] 
Tomanek RJ, Ishii Y, Holifield JS, Sjogren CL, Hansen HK, Mikawa T. VEGF family members 
regulate myocardial tubulogenesis and coronary artery formation in the embryo. Circ Res. 2006; 
98(7):947–953. [PubMed: 16527987] 
Turkmen N, Eren B, Fedakar R, Senel B. Sudden death due to single coronary artery. Singapore Med 
J. 2007; 48(6):573–575. [PubMed: 17538759] 
van den Akker NM, Caolo V, Wisse LJ, Peters PP, Poelmann RE, Carmeliet P, Molin DG, 
Gittenberger-de Groot AC. Developmental coronary maturation is disturbed by aberrant cardiac 
vascular endothelial growth factor expression and Notch signalling. Cardiovascular research. 
2008; 78(2):366–375. [PubMed: 18093989] 
Van Den Akker NM, Lie-Venema H, Maas S, Eralp I, DeRuiter MC, Poelmann RE, Gittenberger-De 
Groot AC. Platelet-derived growth factors in the developing avian heart and maturating coronary 
vasculature. Dev Dyn. 2005; 233(4):1579–1588. [PubMed: 15973731] 
van den Wijngaard JP, van Horssen P, ter Wee R, Coronel R, de Bakker JM, de Jonge N, Siebes M, 
Spaan JA. Organization and collateralization of a subendocardial plexus in end-stage human heart 
failure. Am J Physiol Heart Circ Physiol. 2010; 298(1):H158–H162. [PubMed: 19855059] 
Velkey JM, Bernanke DH. Apoptosis during coronary artery orifice development in the chick embryo. 
Anat Rec. 2001; 262(3):310–317. [PubMed: 11241199] 
Vidne BA, Nili M, Aygen M, Levy MJ. Congenital atresia of the left main coronary artery ostium. 
Scand J Thorac Cardiovasc Surg. 1979; 13(1):37–40. [PubMed: 311942] 
Viragh S, Challice CE. The origin of the epicardium and the embryonic myocardial circulation in the 
mouse. Anat Rec. 1981; 201(1):157–168. [PubMed: 7305017] 
Vrancken Peeters MP, Gittenberger-de Groot AC, Mentink MM, Hungerford JE, Little CD, Poelmann 
RE. The development of the coronary vessels and their differentiation into arteries and veins in the 
embryonic quail heart. Dev Dyn. 1997; 208(3):338–348. [PubMed: 9056638] 
Vrancken Peeters MP, Gittenberger-de Groot AC, Mentink MM, Poelmann RE. Smooth muscle cells 
and fibroblasts of the coronary arteries derive from epithelial-mesenchymal transformation of the 
epicardium. Anat Embryol (Berl). 1999; 199(4):367–378. [PubMed: 10195310] 
Waldo KL, Kumiski DH, Kirby ML. Association of the cardiac neural crest with development of the 
coronary arteries in the chick embryo. Anat Rec. 1994; 239(3):315–331. [PubMed: 7943763] 
Dyer et al. Page 15













Waldo KL, Willner W, Kirby ML. Origin of the proximal coronary artery stems and a review of 
ventricular vascularization in the chick embryo. Am J Anat. 1990; 188(2):109–120. [PubMed: 
2375277] 
Wang B, Han YL, Li Y, Jing QM, Wang SL, Ma YY, Wang G, Luan B, Wang XZ. Coronary collateral 
circulation: Effects on outcomes of acute anterior myocardial infarction after primary 
percutaneous coronary intervention. J Geriatr Cardiol. 2011; 8(2):93–98. [PubMed: 22783292] 
Weninger WJ, Lopes Floro K, Bennett MB, Withington SL, Preis JI, Barbera JP, Mohun TJ, 
Dunwoodie SL. Cited2 is required both for heart morphogenesis and establishment of the left-right 
axis in mouse development. Development. 2005; 132(6):1337–1348. [PubMed: 15750185] 
Wikenheiser J, Wolfram JA, Gargesha M, Yang K, Karunamuni G, Wilson DL, Semenza GL, Agani 
F, Fisher SA, Ward N, et al. Altered hypoxia-inducible factor-1 alpha expression levels correlate 
with coronary vessel anomalies. Dev Dyn. 2009; 238(10):2688–2700. [PubMed: 19777592] 
Wilting J, Buttler K, Schulte I, Papoutsi M, Schweigerer L, Manner J. The proepicardium delivers 
hemangioblasts but not lymphangioblasts to the developing heart. Dev Biol. 2007; 305(2):451–
459. [PubMed: 17383624] 
Wu B, Zhang Z, Lui W, Chen X, Wang Y, Chamberlain AA, Moreno-Rodriguez RA, Markwald RR, 
O'Rourke BP, Sharp DJ, et al. Endocardial Cells Form the Coronary Arteries by Angiogenesis 
through Myocardial-Endocardial VEGF Signaling. Cell. 2012; 151(5):1083–1096. [PubMed: 
23178125] 
Xavier-Neto J, Shapiro MD, Houghton L, Rosenthal N. Sequential programs of retinoic acid synthesis 
in the myocardial and epicardial layers of the developing avian heart. Dev Biol. 2000; 219(1):129–
141. [PubMed: 10677260] 
Xu B, Doughman Y, Turakhia M, Jiang W, Landsettle CE, Agani FH, Semenza GL, Watanabe M, 
Yang YC. Partial rescue of defects in Cited2-deficient embryos by HIF- 1alpha heterozygosity. 
Dev Biol. 2007; 301(1):130–140. [PubMed: 17022961] 
Yin Z, Haynie J, Yang X, Han B, Kiatchoosakun S, Restivo J, Yuan S, Prabhakar NR, Herrup K, 
Conlon RA, et al. The essential role of Cited2, a negative regulator for HIF- 1alpha, in heart 
development and neurulation. Proc Natl Acad Sci U S A. 2002; 99(16):10488–10493. [PubMed: 
12149478] 
Zhou B, Ma Q, Rajagopal S, Wu SM, Domian I, Rivera-Feliciano J, Jiang D, von Gise A, Ikeda S, 
Chien KR, et al. Epicardial progenitors contribute to the cardiomyocyte lineage in the developing 
heart. Nature. 2008; 454(7200):109–113. [PubMed: 18568026] 
Zhou B, Pu WT. Genetic Cre-loxP assessment of epicardial cell fate using Wt1-driven Cre alleles. Circ 
Res. 2012; 111(11):e276–e280. [PubMed: 23139287] 
Dyer et al. Page 16














Key aspects of coronary vasculature formation remain incompletely understood.
Genetic lineage analyses have yielded novel coronary endothelium origin hypotheses.
How the coronaries form their stereotypical pattern in the aorta remains unknown.
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Figure 1. Coronary artery anatomy and stem formation
(A) In the mature heart, two main coronary arteries are present. The left coronary artery 
(LCA) runs between the pulmonary artery (PA) and the left atrium (LA) and branches into 
the circumflex (Circ.) artery and the left anterior descending (LAD) artery. The right 
coronary artery (RCA) branches off the right side of the aorta (Ao) and follows the right 
atrium (RA) as it travels to the apex of the heart. (B–D) A schematic overview of coronary 
ostia formation in avians. B) Thin blood vessels (denoted in red) from the coronary plexus 
invade the peritruncal region and penetrate the aortic wall. C) These small vessels coalesce 
to form two distinct ostia. D) Smooth muscle cells (denoted in green) encompass the 
coronary stems, beginning at the ostia themselves and over time encompassing the rest of 
the coronary arteries. All three of these steps have been documented in chick and quail; 
whether the thin vessels (B) are initially present before coalescing into two distinct ostia in 
mammals is unknown.
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Figure 2. Signaling during coronary stem formation
Prior to formation of the coronary stems, the peritruncal region is hypoxic. Hypoxia 
stabilizes Hif1α, which is observed where the ostia will form. The stabilized Hif1α can then 
bind to ARNT, which allows this dimer to bind to hypoxia response elements (HREs) to 
induce the transcription of downstream targets. Downstream targets include ligands and 
receptors that further promote coronary stem formation, including VEGF and its receptors, 
FGF-2, and PDGF. Additional targets include the shear stress-responsive gene KLF-2. The 
Hif1α repressor Cited2 is also present around the aorta of the mouse and can inhibit the 
Hif1α-ARNT interaction.
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Table 1
A summary of the genetic approaches used for lineage analysis of the coronary endothelium.
Gene Study type Active expression Lineage-traced progeny Ref.
Apelin (Apln) LacZ knock-in CE, SV (Red-Horse 
et al., 2010; 
Tian et al., 
2013b)
AplnCreER, tamoxifen-inducible Cells expressing Apelin do not 
co-express Sema3D, Tbx18, or 
WT-1
(Tian et al., 
2013b)
Co-culture of SV/atria and 
ventricles using AplnCreER and WT 
embryos
Labeled coronary 
endothelial cells only 
formed in ventricles 
when AplnCreER SV/atria 
were paired with WT 
ventricles
Inducible Cre×R26RmTmG Induction at E10.5 only 
labels intramyocardial 
coronary endothelial 
vessels; induction at 
E12.5 only labels IVS 
vessels
Clonal analysis, inducible 
Cre×Rosa26Rainbow
Clones contained 
subepicardial venous and 
intramyocardial arterial 
endothelial cells
Mef-2c Cre×R26RFP, lineage trace Coronary vessels in IVS (Tian et al., 
2013b)
Nfat-c1 ISH, IHC, Nfat-c1-LacZ Endocardium, potentially faint 
protein expression in 
epicardium
(Wu et al., 
2012)
Cre×R26fstz Endocardium, cushion 
mesenchyme, subset of 
SV endothelium, arterial 
coronary endothelial 
cells
Clonal analysis, TetO-inducible 
Nfatc1-BAC-Cre
Majority of clones were 
in intramyocardial 
vessels; some were also 
in subepicardial vessels
Scleraxis (Scx) Scx-GFP transgenic Subdomain of PEO at E9.5; 
epicardium at E10.5-E12.5; 
developing valves at E12.5
(Katz et al., 
2012)
GFP-Cre×R26RLacZ Coronary endothelial 
cells, endocardium, and 
others; begin penetrating 
RV wall at E10.25 and 
appear first in sub-
epicardial myocardium; 
contributes to both 
arterial and venous 
coronary endothelial 
cells; some Scx-lineage 
cells express Nfat-c1 at 
E11.0
Mouse-chick chimera Epicardial and coronary 
endothelial cells; 
coronary vessels showed 
mosaic chick/mouse 
origin
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Gene Study type Active expression Lineage-traced progeny Ref.
In vitro clonal analysis Scx+ proepicardial cells 
give rise to a greater 
percentage of endothelial 
cells than Scx- 
proepicardial cells
Semaphorin3D (Sema3d) GFP-Cre fusion knock-in Subdomain of PEO at E9.0; 
epicardium E10.5-E14.5; 
developing valves at E12.5
(Katz et al., 
2012)
GFP-Cre×R26RLacZ Coronary endothelial 
cells, SV, coronary 
smooth muscle, and 
others, first appearing in 
sub-epicardial 
myocardium; begin 
penetrating LV and IVS 
at E12.5
Mouse-chick chimera Endothelium and 
coronary endothelial 
cells; coronary vessels 
showed mosaic chick/
mouse origin




Cre×R26RlacZ Coronary smooth 
muscle, myocardium
VE-cadherin Clonal analysis, tamoxifen-inducible Single clones marked 
both SV and coronary 
endothelial cells; 
coronary arterial, 
venous, and capillary 
endothelial cells were 
labelled; some coronary 
endothelial cell clones 
did not co-label with SV
(Red-Horse 
et al., 2010)
WT-1 Mouse-chick chimera, WT1GFP-Cre, 
and WT1CreERT2
Subset of PEO, endocardium, 
CE, myocardium













(Zhou et al., 
2008)
Abbreviations: CE, coronary endothelium; IHC, immunohistochemistry; ISH, in situ hybridization; IVS, interventricular septum; LV, left ventricle; 
PEO, proepicardial organ; RV, right ventricle; SV, sinus venosus 
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